ABSTRACT. Confocal laser scanning microscopy is experiencing a revolution in speed from the world of seconds to that of milliseconds. The spinning Nipkow disk method with microlenses has made this remarkable innovation possible. In combination with the ultrahigh-sensitivity, high-speed and high-resolution camera system based on avalanche multiplication of photoconduction, we are now able to observe the extremely dynamic movement of small vesicles in living cells in real time.
Recent progress of the techniques of optical microscopy, especially confocal laser scanning microscopy, and the development of convenient fluorescent probes, such as green fluorescent protein (GFP) and its derivatives, have opened up great opportunities to cell biologists. The inside of cells is now easily visible after simple DNA transformation. The best advantage of these tools is that the movement of organelles, particles and even proteins can be visualized in "living" cells.
Membrane traffic refers to the dynamic flow of membranes, which is fulfilled by the movement of organelles and by the interorganellar transport mediated by vesicles and tubules. During the last decade, out knowledge of the molecular mechanisms governing membrane traffic has made enormous advances. Among the hottest topics today are how proteins are sorted from each other to ensure their correct localization and how the dynamics of this traffic is regulated (see for example, Nakano, 2002) . Despite massive accumulation of mechanistic information, major controversies still exist. One famous debate, for example, revolves around how the stack structure of the Golgi apparatus is formed, whether by vesicular transport or by cisternal maturation (Pelham and Rothman, 2000) . In order to give precise answers to these problems, the ultimate evidence is lacking, which is "seeing".
If the technique of optical imaging develops further and enables us to observe each single vesicle in a living cell with multiple markers, many of the problems we are now faced with will be solved. And fortunately, it seems we are getting there.
Need for a rapid confocal scanning system
Confocal laser scanning microscopy (CLSM) was developed to eliminate the out-of-focus haze of fluorescent objects. Other methods such as computational deconvolution are also used to sharpen images, but CLSM has quickly spread among life science laboratories because of its convenience and ease of use. However, there is a big serious problem if one wants to apply CLSM to vesicular transport. The original and many current models of confocal microscopes adopt the mechanical way of scanning. As shown in Fig. 1 , a typical confocal microscope focuses the laser beam after passing it through a pinhole into a very small light point. This point has to be scanned over the specimen by the mechanical movement of mirrors. This is called pointscanning or the galvano-mirror method. The fluorescence emitted from the sample is now collected by a photomultiplier tube and its change in time is then reorganized into a 2-D image by a computer. The problem is, it takes a time to scan mechanically. It usually needs seconds to obtain a full-frame image. This is good enough to follow the dynamics of large organelles such as mitochondria and the Golgi apparatus, but is too slow to observe rapid movement of small vesicles.
Nipkow disk with microlens -innovation
A different type of scanning method, known as the Nipkow disk or spinning-disk method, raster-scans the specimen with many light points obtained through multiple pinholes. The Yokogawa Electric Corporation devised a unique Nipkow disk system with another coaxial spinning disk containing an array of microlenses, which efficiently guides the laser beams into pinholes (Fig. 2) . The Nipkow disks are rotated as rapidly as 1800 to 5000 rpm, which enables the acquisition of images at 1000 frames/sec (Ichihara et al., 1996; Inoué and Inoué, 2002; Tanaami et al., 2002) . Since this method applies a low dose of multiple excitation beams to the specimen, fluorescence bleaching is very slow and the damage to samples is very low. In addition to these advantages, one more important merit of this system is that the light axis never shifts during scanning so that a real confocal image is produced, which can be directly viewed by the eye or captured by high-sensitivity camera.
Dynamics of yeast Golgi apparatus
Several years ago, we started to study the dynamics of membrane traffic in yeast and plant cells using this spinning-disk confocal system. One of the major efforts in our laboratory then was to understand the role of yeast Rer1p, a membrane protein in the cis-Golgi, in vesicle recycling between the ER and the Golgi (Nishikawa and Nakano, 1993; Sato et al., 1995; Nakano, 2002) . We had several lines of evidence indicating that Rer1p is required for retrieval of a subset of ER membrane proteins from the Golgi to the ER (Sato et al., 1996; Sato et al., 1997) . Our working hypothesis was that Rer1p may be a receptor for these proteins and, although it appears to be localized to the Golgi at steady state, it actually recycles between the Golgi and the ER (Fig. 3) . We made fusion constructs between Rer1p and GFP (EGFP from Clontech) to follow its behavior in living yeast cells.
Needless to say, GFP fusions are not always functional. But with yeast, we can test their functionality by complementation of mutants. Fortunately, one of the constructs we made (GFP-Rer1p) turned out completely functional and was analyzed further (Sato et al., 2001) . A Yokogawa con- The Nipkow disk method utilizes a spinning disk with multiple pinholes. The problem of irradiation efficiency is markedly improved by introduction of another disk with microlenses (Yokogawa patents). This method has enabled scanning at as fast as 1000 frames/sec. Since the light axis never moves during scanning, fluorescent signals produce a real image, which can be directly viewed by eye or captured by camera.
focal unit CSU-10 equipped with a digital, cooled CCD camera (Hamamatsu Photonics, ORCA) was used to obtain live images of GFP-Rer1p. Fig. 4 shows a snapshot from a movie of wild-type yeast cells expressing GFP-Rer1p. Bright fluorescent structures indicate the yeast Golgi apparatus (cis cisterna). In the QuickTime movie (Movie 1) posted on the CSF website (http://csf.jstage.jst.go.jp), dynamic tumbling motion of the Golgi is clearly seen. Each frame was acquired by 5-second exposure and the movie sequence is 5 times faster than real time. Unlike the mammalian Golgi, which is clustered around the microtubuleorganizing center, yeast and plant Golgi are scattered in the cytoplasm. It is clear from this movie that the Golgi apparatus is not a passive or static entity. The image envisioned in textbooks that the ER and the Golgi stay firmly in place and it is only vesicles that dynamically connect these two organelles is apparently not correct. Our data would seem to suggest that the Golgi apparatus itself is actively collecting vesicles.
The problem here is we wanted to know whether Rer1p itself is recycling between the Golgi and the ER. It is unlikely that we can visualize vesicles at this time and space resolution.
Need for a rapid high-sensitivity camera
What should we do then? We did not know at that time how rapidly the vesicles move. The best we could do was just to increase the sensitivity of the camera in order to decrease the exposure time for each frame. A convenient way to enhance the sensitivity of light detection is to use photoelectric effects. Photons at a certain energy level induce the emission of photoelectrons from the surface of photocathode, which are then accelerated in an electric field and converted to photons again. The image intensifier (II) is one such device utilizing this principle and can enhance the light signal up to 1000-fold. This would dramatically reduce the time of each frame to detect weak fluorescent signals.
Here is yet another problem, which is the speed of camera. CCD cameras are a slow device in terms of data transfer. However short the exposure time, it takes an order of about 1/10 second to transfer a million pixel full-frame image to computer. We chose a high-speed CCD camera (Dage-MTI, CCD-300T-RC) at the expense of resolution (ca. 300 thousand pixels) and combined it with an II of VideoScope (VS4-1845). This system collects images at video rate (30 frames/sec). The sensitivity enhanced by the II was good enough to observe fluorescence signals in yeast cells even at this short exposure time. Fig. 5 shows a frame from the movie (Movie 2) obtained with this setting. Movie 2 on the web is played at video rate, so this is the true real-time image of the dynamics of GFP-Rer1p in living yeast cells (Sato et al., 2001) . Large structures again represent the cis cisternae of the Golgi apparatus. If the readers watch Fig. 5 or Movie 2 very carefully, they may notice that there are also very tiny dots scattering around in the cytoplasm. Although we were not completely convinced, we conjectured that these might be vesicles released from the Golgi apparatus.
Observation of transport vesicles -challenge to the limit of resolution
If these powder-like signals are indeed vesicles conveying Rer1p from the Golgi, they must be COPI vesicles, believe it or not. Or could they be merely noise? We were not sure. But how could we prove it?
A great advantage to work with yeast is that we can use a variety of mutants. For example, if Rer1p in fact recycles between Golgi and ER, the block of the ER-to-Golgi anterograde transport will lead to relocation of Rer1p to the ER. This was clearly shown to be true. When the sec13 mutant cells, which have a temperature-sensitive defect in the ERto-Golgi transport, were shifted to the restrictive temperature of 37°C on the microscope stage, punctate fluorescence of GFP-Rer1p in the Golgi quickly changed to the ER pattern (Fig. 6 ). This Golgi-to-ER relocation did not occur when the COPI function was also mutated (Sato et al., 2001) . Thus, Rer1p is recycling back to the ER on COPI vesicles.
Then, if the fusion of COPI vesicles is blocked by another mutation, e.g. sec18, COPI vesicles carrying GFP-Rer1p should accumulate in the cytoplasm. This sequence is shown in Movie 3. A representative frame is also shown as Fig. 7 . Here, massive accumulation of fluorescent dots is obvious. They fill the cytosol in time, which makes the presence of vacuoles visible as dark shadows. Now, we were convinced that these tiny signals were indeed from COPI vesicles.
It is known that the size of transport vesicles varies depending on their coat structures. Clathrin-coated vesicles are 100-150 nm in diameter and COPI and COPII vesicles are smaller than 100 nm, sometimes said to be 50-60 nm in diameter. If so, how can an optical microscope observe such small structures? It is widely believed that the resolution of microscopes is approximately one half of the wavelength of the light used for detection. In the case of GFP, the peak emission is 508 nm, hence the resolution limit would be 200-300 nm. This estimate holds true only for the limit of discrimination of two adjacent signals. Think about stars twinkling in the night sky. Even though their visual angles are virtually zero, they can be seen as long as they emit light.
HARP camera -revolution
We were convinced that those small signals were from COPI vesicles, but another observer might say, "But what are those twinkling spots outside the cells! Are they also vesicles?" Yes, this is a new problem we encounter with. II, which is a very powerful device to enhance light signals, also increases noise. To refine the imaging of these small vesicles and analyze their behavior in detail, the improvement of the signal-to-noise ratio (S/N) is critical.
While I was looking for a better camera and better signal enhancement method, I happened to meet Kenkichi Tanioka of NHK (Japan Broadcasting Corporation). He is the person who developed a completely new method of light signal (Sato et al., 2001 ) by copyright permission of The Rockfeller University Press.
Fig. 6.
Rer1p is recycling back to the ER. When the ER-to-Golgi anterograde traffic is blocked by the temperature-sensitive sec13 mutation, GFP-Rer1p in the Golgi (A) is relocated to the ER (B) because the backward, Golgi-to-ER retrograde transport is not affected. This relocation requires COPI coats. Reproduced from The Journal of Cell Biology (Sato et al., 2001 ) by copyright permission of The Rockfeller University Press. amplification and applied it to produce an extremely highsensitivity TV camera (Tanioka et al., 1988; Tanioka et al., 1992) . The trick was in the image pickup tube he invented. This tube, named HARP (high-gain avalanche rushing amorphous photoconductor) pickup tube, utilizes another type of photoelectron effect called photoconduction, which occurs not on the surface of photocathode but in the solid material of amorphous selenium (Fig. 8) . When a photon enters the amorphous selenium target layer, an electron-hole pair is produced. To this target, an electric field of unusually high voltage (10 8 V/m) is applied. The hole rushes to the beam-scanning side and hits the selenium atoms in the target to produce new electron-hole pairs. This kind of chain reaction leads to an avalanche multiplication of the number of such pairs. The amplified signals are detected at the end of the target by a scanning electron beam like a conventional pickup tube.
This new method of photoconduction has brought about a real revolution in TV camera technology. The emergency news of the arrest scene of a hijacker at 3 a.m. was reported as if it were in broad daylight, and the signs that the catcher makes to the pitcher in baseball night games are now all on air by HARP cameras located all the way back behind the center fielder. We tried to use this super camera to observe vesicles in a living cell.
As shown in Fig. 9 and Movie 4, the results were far beyond our expectation. The same yeast cells expressing GFP-Rer1p were observed by the combination of a HARP camera (Hamamatsu Photonics, AP-Imager) and the II of VideoScope. Now, the noises are not annoying at all. Small dotty signals are running around in the cytoplasm at amazing speed. We realized that the movements of vesicles are much faster than we first thought. In collaboration with Tanioka's group and coworkers at NHK, NHK Engineering Service, and Hamamatsu Photonics as well as with the camera maker Hitachi Kokusai Electric, we are now trying to develop even higher sensitivity HARP cameras for the purpose of live cell imaging. This project, which is going to be supported by the Japanese government, is called by the nickname "Dynamic Bio" and will be explained in a little more detail later.
From 3-D to 4-D -chase those vesicles!
To make progress towards real-time imaging of vesicles in living cells, there are still many problems we have to solve. For example, we have to remember that the confocal plane is only 2-D, while vesicles can move upward and downward during observation and thus escape from our view. This problem could be solved if the Z axis of the cell can also be scanned. This kind of tomographic 3-D reconstruction has already been widely used with confocal microscopy. But again, the problem is speed. The image acquisition has to be fast enough to obtain meaningful 3-D images.
By the use of the Yokogawa spinning-disk confocal system, we can collect images at 30 frames/sec. The Z axis can also be moved quickly by a piezo actuator attached to the objective lens. In fact, an optional setting for 3-D is already available from Yokogawa, which can incorporate 28 tomographic images per second and convert them into 3-D images. In other words, one 3-D volume can be reconstructed from data acquired in a second, which is a world record. This approach could be called real-time 3-D or 4-D imaging, but in fact, this speed, one volume/sec, is not fast In the amorphous selenium target layer, a photon produces an electron-hole pair, the hole of which is accelerated in a high-voltage electric field to cause avalanche multiplication (NHK patents). This tube is used for ultrahighsensitivity cameras. The HARP camera available from Hamamatsu Photonics (AP-Imager) is about 30 times more sensitive than usual CCD cameras.
enough to follow the dynamic movement of each vesicle. Of course the faster the better, but we also have to think about the vibration piezo actuation might cause. If the objective lens is to be moved 10 times faster, the acceleration would be as high as 4×g. We will need to somehow circumvent this problem if we are to chase vesicles and not let them get away.
Need for rapid spectral analysis -color, color, and color
Last but not least, we should not forget that the proteins we want to chase are not of a single kind. Understanding of the sorting mechanisms by seeing the membrane traffic definitely requires simultaneous detection of multiple markers. Protein-protein interactions will be conveniently analyzed by the method of fluorescence resonance energy transfer between different color markers. Multicolor systems are essential. As for fluorescent markers, there are already many derivatives of GFP available, such as BFP, CFP, YFP, RFP and so forth. The exploitation of new markers is remarkable and a variety of brilliant proteins have been engineered. Venus, a derivative of YFP, is the best example of this kind of marker (Nagai et al., 2002) . If one wants a good marker with red fluorescence, a monomeric form RFP (mRFP) is now available instead of DsRed, which is problematic because of oligomerization (Campbell et al., 2002) .
From the instrumentation side, it is not very easy to observe multiple markers in real time. To enable spectral analysis in a rapid scanning system, development of a totally novel method is essential. Diffraction grating as adopted by Zeiss (Haraguchi et al., 2002) is very powerful but is not suitable for high-speed data acquisition. Again in the Dynamic Bio Project, a multicolor detection system with a Nipkow disk scanner is a very high priority item on the agenda. This system will allow us to observe at least three colors simultaneously at video rate or faster.
The future
As described in this short article, the combination of the rapid Nipkow-disk type confocal scanner and the superhigh-sensitivity HARP camera has provided us with the best system at present to obtain real-time images of rapid membrane traffic in living cells. However, we are not satisfied with the present technology, and we may need to move on to novel methodologies to observe fluorescence with much higher speed. Obviously, we need even higher sensitivity, higher S/N, multi-or full color, faster 3-D reconstruction and faster cameras, these being endless demands. In this regard, it is very encouraging that the Japanese government has decided to support projects devoted to real-time imaging of living cells. Our Dynamic Bio Project will receive support for five years by the Ministry of Economy, Trade and Industry of Japan and by the New Energy and Industrial Technology Development Organization. The success of this project will not only lead to the manufacture of ultrahighperformance all-purpose microscopes for biological use but will also contribute toward solving long-standing problems in cell biology. 
